[P lates 23 a n d 24]
Introduction
No greater honour could come to a Canadian surgeon than to be asked to give the Ferrier Lecture. But I reahze that this invitation is rather a tribute to your associates across the Atlantic and a recognition of the fact that observations made in the operating room may have a value which is equal scientifically to those made in the laboratory.
From a personal point of view, having received a major portion of my medical education in this country, I welcome the opportunity of paying tribute to English men of medicine and science. One of the most distinguished among them, at the close of the last century, was Sir David Ferrier, in whose memory his colleagues have founded this lectureship. He was an outstanding neurologist, psychologist and physiologist. But he was also the principal prophet of the surgery of the brain.
When Ferrier . became a student of psychology at Aberdeen he was taught that the brain was the ' organ of the mind ' which functioned as a whole without differen tiation or specialization of its parts. Only the phrenologists then believed in the existence of separate centres of mind and emotion. From Aberdeen he proceeded to Edinburgh for his medical training and then on to London to work on the problem of the structure of the corpora quadrigemina.
Here he found a clinician preaching a new doctrine which, until then, had fallen on deaf ears. It was the doctrine of localization of ' motor centres ' within the brain. This lone clinician, John Hughlings Jackson, drew his argument from his own observations of epileptic seizures and from the contention of Broca (1861) that there was a small area in the left cerebral cortex of man which was indispensable for the function of speech.
Ferrier began his study of neuroanatomy while Fritsch & Hitzig (1870) were in the process of demonstrating that electrical stimulation of the anterior half of the dog's brain produced movement in muscle groups of the opposite side of the body. This was a startling discovery, and Ferrier recognized that it presented the possi bility of verifying the theories of Jackson. Accordingly, when he had completed his doctorate thesis, he plunged into a series of animal experiments. The result was that, in 1874, at the age of 31, the Royal Society called upon him to give the
W . P e n fie ld
Croonian Lecture on 'Localization of function in the brain'. This was the first of a series of lectures which he gave on this general topic before this Society. He used electrical stimulation of areas of cortex to throw light on the localization of motor function and studied the representation of vision and hearing by means of circum scribed removals (Ferrier 1886) .
But he realized that this was only a beginning and urged that the time had come when the brain of man could be operated upon, provided surgeons would accept the doctrine of cerebral localization. No doubt he was encouraged in this stand by Joseph Lister, who was then his colleague at King's College. He reiterated his demand for a beginning of neurological surgery in his Marshall Hall oration. And I suspect that it was, in no small measure, the result of his advocacy that, a year later, in 1884, Sir Rickman Godlee performed the first operation for a brain tumour which had been localized by means of the new knowledge.
The field of neurosurgery was developed rapidly by Sir Victor Horsley, Cushing, Foerster, Dandy and others. And now the time has come to take advantage of the opportunity for scientific study which the new craft presents. The experimental 'preparation' of the physiologist can neither feel nor speak. But the man who lies on the operating table under local anaesthesia while his brain is being explored is usually alert and acutely interested. If the surgeon will but listen, this observer from underneath the sterile coverings can tell us what he is made to feel, to see, to hear and what to dream.
Material and methods
This report* is based largely on the accumulated experience of the neurosurgical operating room. The cerebral cortex was stimulated in well over 300 operations under local anaesthesia. The purpose of these operations was usually to relieve symptomatic epilepsy by local excision of what may be called an epileptogenic focus in the grey matter of the brain (Penfield & Erickson 1941) .
Success in long procedures like these depends on mutual understanding and trust between surgeon and patient. During all operations included in this series, the result of each positive response to stimulation was marked by a numbered or lettered ticket laid on the cortex, and the result was dictated through a microphone hanging over the operating table. Photographs were taken of the operative field through a mirror above the operator's head by means of a camera placed outside a window in the wall of the operating room (Hayden 1937) . The positions of stimu lation tickets were also drawn in on a standard brain chart which was sterilized so that the surgeon might make his own record in every case without break of aseptic technique.
* D u rin g th e recording of th ese o b servations I h ave been guided b y th e early teaching o f Sir C harles S h errin g to n a n d D r G ordon H olm es, to b o th of w hom I owe a personal d eb t of g ra titu d e . A n d in th is acknow ledgem ent I should include th e nam es of m y form er colleague O tfrid F o e rste r a n d m y m ore recen t associates E dw in B oldrey, T heodore E rickson an d T heodore R asm ussen.
The patient's responses were controlled by the operator and by an observer who watched and tended the patient under the sterile coverings. Unusual responses were verified by later stimulation of the same point. If necessary, as an added check, the patient was told that he was being stimulated when no stimulus was used. Un verified or doubtful responses were eliminated.
Stimulation. A thyratron stimulator, set at a frequency of 55 to 65 per sec., was used in the earlier cases as well as galvanic stimulation (see Penfield & Erickson 1941, p. 530) . More recently a ' Rahm ' stimulator has been employed which permits exact control of frequency and voltage. Unipolar and bipolar electrodes have been used interchangeably for the surfaces, and a unipolar electrode, insulated up to the tip, for stimulation at a depth below the pia mater. The strength of stimulus, usually 1 to 3 V, was kept as far as possible below an intensity which would produce a major seizure.
The following may serve as an example.
Case 1, J.C . A n intellig en t young w om an, a u n iv ersity g rad u ate, suffered from recurring epileptic seizures. E a c h a tta c k w as ush ered in b y an epigastric a u ra w hich she described as a stran g e feeling in th e abdom en. T his w as followed in tu rn by a feeling of panic a n d evidence of in te stin a l peristalsis. P a rtly w ith th e help of electro-encephalography a lesion w as localized an d exposed on th e under-surface of th e rig h t tem p o ral lobe. A rig h t osteoplastic cran io to m y w as p erform ed u n d er local anaesthesia an d th e b rain exposed w idely as show n in figure 1, p la te 23. N u m b ered an d lette re d tick ets h ave been placed on each sp o t w here a p ositive response w as o b tain ed b y stim u latio n . T he following responses m a y be q uo ted , em ploying w herever possible th e p a tie n t's own w ords: 21: Sensation in left arm below elbow.
2: Sensation in rin g finger. 7: Flexion of w rist a n d extension of fingers. 24: P a tie n t said, 'Oh, it is as th o u g h som eone squeezed th e salivary gland a n d some liquid ra n o u t '. T here w as also sensation in tongue. L a te r th is p o in t w as restim u lated . She th e n said, 'T h a t saliv ary glan d again an d a cool feelin g '. She w as n o t sure th is tim e w h eth er liquid ra n o u t or n o t. 26: M ovem ent of jaw .
S tim u latio n of S a n d T w hich lie on th e first tem p o ral convolution caused her to hear a sound an d to 'feel a little d e a f'. T his w ould correspond w ith th e audito-sensory or auditopsychic area of Cam pbell.
I t w as th e n decided to rem ove th e inferior a n d a n te rio r p o rtio n of th e rig h t tem p o ral lobe as in d icated b y th e b roken line in figure 1. T he low er in set of th a t figure is a p h o to g rap h of th e und erlying Isla n d of R eil w ith th e tic k e ts of fu rth e r stim u latio n u p o n it. The m iddle cerebral a rte ry is also show n th ere. Because th is is n o t v e ry clear m y assistan t, D r Steelm an, m ade th e p re p a ra tio n show n in figure 2, p la te 24, b y rem oving th e tem p o ral lobe from an au to p sy specim en a n d placing tic k e ts u p o n th e Isla n d of R eil as in th e o p eratio n (see figure 2) .
S tim u latio n of th e Isla n d of R eil gave th e following resp o n ses: 1 a n d 4: S ensation a b o u t th e um bilicus w hich th e p a tie n t s ta te d resem bled h er h a b itu a l au ra. 3: N ausea a n d fear of an a tta c k . 5: She cried o u t ' T his is it ', a n d th e n a fte r a pau se she said she w as going to b rin g up some gas.
She th e n ex plained th a t she h a d th o u g h t it w as a n a tta c k an d w as 'scared to d e a th '.
T he cortex of a p o rtio n of th e Isla n d of R eil was th e n rem oved b y suction. P o st-o p erativ e recovery w as u n ev en tfu l. T he only a b n o rm a lity th a t could be found a t th e tim e of discharge from hospital w as a sm all defect in th e left hom onym ous visual field.
Sensorimotor cortex
In man, motor response follows stimulation along the anterior lip of the central fissure close to area 4 (Brodmann 1909) . Somewhat less readily, movement can be produced by stimulation anteriorly over the precentral gyrus and posteriorly over the postcentral gyrus (Penfield & Boldrey 1937) . I have seen no reason to believe in the existence of tertiary motor fields anterior and posterior to these two gyri as described by Foerster (1936a, b) in his Hughlings Jackson lecture. One must make the following exceptions: Conjugate movements of the eyes are produced from an area anterior to, as well as in, the precentral gyrus, while eye sensation seems' to have its representation chiefly in the precentral gyrus. Contraversive movement of the neck associated with looking to the opposite side has its localization anterior to the precentral gyrus.
Excision of that portion of the precentral gyrus devoted to the upper and lower extremity produces persisting paralysis of the part in question. Excision of the postcentral gyrus does not. On the other hand, removal of the postcentral con volution produces loss of cortical sensibility, while removal of the precentral gyrus does not interfere with sensibility. The sensory defect produced by a lesion limited to the cortex was described by Head & Holmes (1911) and by Holmes (1927) .
If the removal of the precentral gyrus is small, it produces paralysis which gradually disappears until function actually returns almost to normal, as described in case 2 to be presented below. This indicates that in the precentral gyrus there is a considerable degree of replaceability due to activity of adjacent portions of the gyrus (see also Bucy 1944) . Removal of a small area of postcentral gyrus results in a discrete sensory defect. Russel & Horsley (1906) (and later Sittig (1925) and Holmes (1927) ) that the pattern of spread of a sensory seizure sometimes indicated that sensory representation in the cortex was laid down in the same order as the segments in the spinal cord. Thus a sensory seizure might spread along the postaxial or ulnar border of the arm to the little finger, then across hand to thumb and up the preaxial border of the arm to the shoulder and neck before reaching the face, instead of jumping from thumb to lower face as in most seizures.
Woolsey, Marshall & Bard (1942 , 1943 have shown by electrographic recording that the spinal sequence of tactile sensibility is reproduced upon the postcentral gyrus of monkeys and chimpanzees in great detail.
Stimulation in man most often gives a sequence which passes from one major sensory representation to the next. Less often the stimulating electrode discovers between the major representations minor elements, and these minor elements tend to fill in and complete the order of sensory sequence found in spinal cord and brain stem.
Thus in the great majority of cases the order of sequence was that of the major elements, i.e. contralateral side of mouth to contralateral thumb, fingers, hand, arm, leg and foot with no suggestion of preaxial or postaxial separation. But in occasional cases, upper face, neck and shoulder sensation is placed between mouth and thumb. Likewise, the ulnar side of arm and the side of the trunk is found to lie between arm and leg while genitalia lie beyond the toes.
When all of this detail is filled in, it is obvious that the functional representation in the spinal cord is re-represented upside down on the 'sensory cortex5 and that of the medulla oblongata and pons right side up (see figure The conclusion from human stimulation would therefore seem to be the same as the conclusion from examination of cases of sensory Jacksonian march (Sittig 1925) . That is to say, that in the majority of cases the march is from one major repre sentation to another without any evidence of interposed minor representations. But in occasional cases a much more detailed evolution of sensory experience occurs, an evolution which reveals the nature and order of the minor sensory representations as well as the major. The more detailed the responses, the more they fall into the spinal succession.
(ii) Motor. On the other hand, the cortical motor sequence of man shows little preservation of the segmental representation of muscles found in spinal cord and brain stem. There was no evidence of separation of the movement of primitive flexors and extensors. Movements produced by cortical stimulation are gross, awkward. They involve multiple joints and numerous muscles.
Motor representation is to a large extent one of function, as urged by Head (1920) , while the representation of peripheral sensation is one of structure and segment.
The chief innovation in the cortical re-representation as compared with spinal is the great comparative enlargement in the cortical area devoted to important or major elements such as hand, thumb, lips and tongue.
(b) M inor sensorimotor elements
Some light may be thrown on the location of the minor representations in the cortex of man by the case of J.L. described below.
F ig u r e 5. Case 2, J .L . Sam e as figure 4, p la te 24, a fte r rem oval of p o rtio n of precen tral gyrus. S ensation in b ack p ro d u ced b y stim u la tio n of p o stcen tral gyrus w ithin cen tral fissure. In se t shows stim u la tio n of p re c e n tral co rtex w ith in th e fissure w hich produced m ovem ent of tru n k . 5: Sensation in th e la te ra l thigh. 7: Shaking of leg, beginning a t hip. R e p e a te d la te r-sensation in th ig h w ith o u t m ovem ent, W hen th e stre n g th of stim u lu s w as increased, stim u latio n a t 22 produced num bness in left forearm an d h a n d an d also m o v em en t of h an d . T he sam e stim u latio n a t 23 produced num bness in th e left h a n d w ith m ov em en t of th e fingers. I t m ig h t seem th a t it w as th is ty p e of d ista n t m otor response to stro n g c u rren ts t h a t led F o erster to suggest th e existence of a te rtia ry m otor area.
Precentral convolution
14: Jerk in g of w hole h a n d ; p a tie n t spoke of num bness. 15: P a tie n t cried o u t in F re n c h 'm on c o n tra c tio n '. M ovem ent s ta rte d in left shoulder an d seem ed to sp read to h a n d a n d th e n h a n d w aved a b o u t. She explained th is w as a ty p ical a tta c k a n d it caused p ain . 24: A rm flexed.
8: Shaking of w hole left leg due to m o v em en t a t hip.
In th e hope of m ak in g a m inim al excision a coated electrode w as passed dow n th ro u g h p rec en tral gyru s n e a r p o in t 15 an d th e co rtex a d ja c e n t to th e fissure w as stim u lated . T he electrode w as w ith d ra w n a n d rein serted a t tw o o th er p o ints, as show n in th e inset of figure 5. A t all th ree p o in ts m o v em en t of th e left side of th e tru n k w as produced. T his w as an isolated response th a t has p ractically nev er occurred as th e re su lt of surface stim u latio n in our experience. T he sm all area of p recen tral gyrus, w hich w as p a rtly isolated b y a fissure, w as th e n rem oved b y suction (figure 4, p la te 24 (inset) a n d figure 5). T he exposed b an k of th e p o stcen tral gyrus w as now stim u la te d deep in th e fissure. T his p roduced b ack sensation, also an alm ost unique resu lt.
A fter operatio n th e left h a n d a n d a rm w ere v e ry w eak a n d she com plained o f num bness in th e h an d . Two w eeks la te r th e d isab ility w as g re a tly decreased. Six m o n th s an d 12 m o n th s late r exam in atio n show ed th e stre n g th of grip registered on th e dy n am o m eter 40 on left a n d 60 on rig h t. T his degree of difference m a y be w ith in n o rm al lim its. D e x te rity in use of left arm an d h a n d seem to th e p a tie n t norm al. T he biceps an d triceps reflexes, how ever, were a little m ore activ e on th e left th a n on th e rig h t.
One may conclude, therefore, that excision of the portion of precentral gyrus that would seem to contain the representation of movement of upper arm, as judged by stimulation, does not produce isolated paralysis of that movement. Instead it produces only the slightest permanent motor defect in the arm as a whole.
In the above case the points 20,21,1, 2, 3, 4, 17 and 5 (figure 4, plate 24 and figure 5) on the postcentral convolution gave rise to contralateral sensation in angle of mouth, thumb, thumb, 4th and 5th fingers, 5th finger, whole left hand, elbow to hand, thigh. On the precentral gyrus, 14, jerking of hand; 15, movement of whole arm as in her attacks; 24, arm flexion; 8, movement of hip. These may be called the major sensory and motor elements, which are expected when the outer surface of the convolutions is activated.
But when the banks of the central fissure were stimulated minor elements were discovered. On the bank of the precentral gyrus deep to the junction of thigh and arm was contralateral trunk movement. Opposite this, within the fissure, sensation in the back was produced by postcentral stimulation and this sensory represen tation was deep to the junction of arm sensation and that of thigh.* There 11< i ve been a few other crises which hcive suggested. also tlicit the minor representations may be present within the central fissure as well as major repre sentations. An epileptic discharge spreading across the grey matter of such areas might well betray the ordered representation of the minor elements as well as the major.
(c) Secondary cortical representation A secondary area of cortical representation for tactile sensation has been described by Adrian (1940 Adrian ( , 1941 in the cat. This secondary area (figure 6), which is separated from the classical sensory representation of extremities by the face area, seems to receive impulse from the paws only. Adrian suggested that this secondary area is near to the area from which Ferrier (1886) produced extrusion of the claws and that it might correspond with the lateral extrapyramidal motor area of Tower (1936) .
Hind Limb
Trunk---Fore \E lt> 9 w } u , {w rist -f- There is suggestive evidence of a similar secondary representation in man also. This will be elaborated in a future publication. It may be sufficient now to cite the case of the following patient.
Case 3, J.C h. T his m an suffered from focal seizures following an accident w hich produced a depressed fra c tu re of th e skull a n d in ju ry to th e left hem isphere in th e area surrounded by th e bro k en line in figure 7. S tim u latio n a t 11 prod uced sensation in th e whole rig h t arm and w hen re p e a te d he said it w as th e rig h t h an d . A t 12 sensation w as produced in h an d and also m o u th . T hese p o in ts w ere se p a ra te d from th e low est p a rt of th e arm area a t 1 b y an area in w hich face a n d to n g u e sensation w ere represented.
In other examples of a secondary sensory representation in man both hand and foot responses have been found close together in a similar position on the border of, and just above, the fissure of Sylvius.
Auditory sensation
It is well recognized that an afferent auditory pathway passes from the cochlea to the first temporal convolution by way of the medial geniculate body. It seemed of interest, however, to summarize the auditory responses from stimulation of all areas of the cortex. This was done for a 9-year period of operating and all positive responses are recorded as round dots in figure 8. The responses from both hemispheres are recorded on this one chart. F ig u r e 7. Case 3, J.C h . S econdary sensory re p re se n tatio n of c o n tra la te ra l h a n d in m an , p o in t 11. S tim u latio n a t 2, m o v em en t o f lips a n d slig ht vocalization; a t 1 a n d 10, 'tic k lin g ' in rig h t th u m b ; a t 4 a n d 3, tick lin g rig h t side of to n g u e n ear t i p ; a t 7 a n d 5, sensation to n g u e near base rig h t side; a t 11, sensatio n in rig h t arm , w hen rep eated said to be in h a n d only.
• "■■^VERTIGINOUS-*
AUDITORY-------. RESPONSES t o s t i m u l a t i o n
F ig u r e 8. A u d ito ry a n d v ertiginous responses collected from 9-year operative period.
It is evident that sound was produced only by stimulation of the first temporal convolution and most of the positive points were close to the fissure of Sylvius posterior to the central fissure. In cases where it became necessary to remove convolutions above the Sylvian fissure, stimulation was carried out on the first temporal convolution deep in the fissure. This produced similar auditory responses. The localization of these points is therefore in the area which Campbell (1905) called 'audito-sensory' and 'audito-psychic', in his cytological brain map.
In a great many cases no response whatever was obtained from stimulation of this gyrus with the strength of current used. But the same is true of the pre-and postcentral convolutions which were frequently silent, at least in part.
The character of the sound seemed to vary, or at any rate *it was described differently by different subjects. It is possible that the wave frequency of the stimu lating current had something to do with this but in the great majority of cases this rate was the same, between 55 and 60 per sec.
The sound was described as 'buzzing', 'ringing', 'humming', 'rumbling', 'knocking' or more elaborately as 'clicking like crickets at night', a 'rushing sound like a bird flying'. Occasionally a patient observed that he seemed a little deaf during the stimulation.
One patient hesitated and did not reply when he was stimulated at point A in figure 8. Then after stimulation was carried out a second and third time he was asked why he did not reply. He said he was trying to analyse some sound that he had heard. It seemed to be like a 'low-pitched motor'.
When point B was stimulated another patient said, ' I hear boom boom on some thing'. When the stimulation was repeated she said, 'I hear boom, boom. It was on the door.'
V estibular sensation
Vestibular responses which resulted from temporal lobe stimulation occurred in much the same area as the auditory responses. This is shown by the crosses in figure 8 .
Subjects usually stated that they were dizzy but apparently the sensation was mild. It is obvious that this was the cortical representation of vestibular sense. The responses were not numerous enough to establish their relationship to the auditory responses, although in one case they were clearly nearer to the fissure of Sylvius than the auditory response for that case.
Stimulation elsewhere in other lobes of the brain, especially when subcortical, sometimes produced a feeling called dizziness also, but these are omitted from the figure.
VisuaL sensation
'The organization of the visual cortex in m an' was dealt with in his Ferrier Lecture by Dr Gordon Holmes (1945) . There is nothing that I can add to that except to summarize some results of cortical stimulation in man. In figure 9 the responses to electrical stimulation of the cortex during a 17-year operative period (330 operations) are recorded. The stimulation points for both hemispheres are placed on this one chart. Stimulation on the mesial aspect gave similar results to those on the lateral aspect.
The position of the points is only moderately accurate. They were filled in on the operator's chart at the time of operation with relation to distance from the occipital pole. The larger round dots indicate that the visual image produced was not lateralized.* When the patient said he saw the image with his right or left eye, as he often did, it was assumed that he meant the right or left field. The small dots indicate that the image was seen on the contralateral side and the cross that the image was ipsilateral.
Some of the phrases which the patients used to describe what they seemed to see are as follows: 'flickering light' in the contralateral eye, 'dancing lights', 'colours', 'bright lights-fiery or red', 'a star came down towards my nose', 'black wheelundulating' on contralateral side, 'blue, green, red coloured discs', 'fawn and blue lights', 'coloured balls whirling', 'radiating grey spots-became pink and blue', 'long white m ark'. When point E was stimulated the patient saw colours which whirled in a counter clockwise direction. The point was restimulated twice with exactly the same result. On the other hand, when point B was stimulated, another patient said she saw something 'pink and blue' in the contralateral field. Later the same point was restimulated. This time she reported ' stars with spokes ' directly in front of her. This illustrates the fact that there is at times variability in the response from a single occipital point.
Only one visual response came from a point well out of the occipital lobe. This followed stimulation at A when the patient stated that he had seen brown squares followed by light before his eyes. It is possible that the electric current reached the optic radiations in this case and that it is therefore not a cortical response. * As it is m y h a b it to enquire of th e p a tie n t w here he seem ed to see th e im age it m ay be assum ed th a t th e m a jo rity of these p a tie n ts replied t h a t it was in fro n t of them .
In summary, stimulation, at a distance from the occipital pole, was a little more apt to produce a contralateral image and stimulation at the pole an unlateralized image.* No well-formed visual pictures were ever produced and there was no difference between the type of image derived from the calcarine area and that from a more lateral position. The colours mentioned were-yellow, pink, blue, red, green, fiery, grey, fawn; the form was that of a ball, a star, a light, a streak, etc. The image might remain still but more often it moved, danced, flickered or whirled.
H allucinations and illusions
When we reviewed 190 recent operations, in which the brain had been explored under local anaesthesia during a 9-year period, we found ten cases in which stimu lation produced an experience that might be considered similar to Jackson's 'dreamy state'. All of these positive stimulation points were found to be on the temporal lobe as shown in figure 10. The 'dreamy state' was described by Hughlings Jackson (1931) as a mani festation of certain epileptic seizures originating in the temporal lobe. He applied the term to alterations in the patient's consciousness which might vary from a sudden sense of strangeness or altered perception to actual dream. That is, it varied from what we may call perceptual illusion to hallucination. During such a seizure there is actual neuronal discharge occurring in the temporal cortex as may be proved to-day by electroencephalography. * T here were th irty -fiv e c o n tra la te ra l responses of w hich ten , or 29 %, were produced by stim u la tio n of th e occipital pole. T here w ere tw e n ty u n lateralized im ages of w hich eleven, or 55 % , w ere from th e pole. Some of the experiences, which the electrode induced, may be classified as hallucinations, others as illusions. But, during both, the patient was apt to retain some hold on reality and could often, but not always, describe the state while it was present.
With a few exceptions these patients had been subject to temporal lobe seizures. At times the hallucination was identical with that experienced at the beginning of his habitual attack, while stimulation at a different point might produce a some what similar hallucination which the patient could not remember ever having experienced before.
Recurring epileptic discharges seem to leave the acquired neuronal connexion patterns of the temporal cortex conditioned in such a way that stimulation can activate them, just as they do the inborn neuronal connexions of the sensorimotor area.
A few actual responses will be given and where possible the patients' own words employed. Where a stimulation was repeated the marking ticket was lifted and electrodes (usually bipolar with a separation of about 3 mm.) reapplied at the same spot.
Stimulation at B, figure 10, caused the patient to say, ' I don't feel normal. I don't know if it is one of my dreams or not.' Point N was then stimulated and he said, 'A familiar sight danced into my mind and away again.' The point was restimulated without warning. When asked what he had noticed he said, 'Yes, three or four things danced before my memory'.
The patient was then warned twice falsely and he replied each time 'N o'. He was then warned in exactly the same way and stimulation applied at H, whereupon he exclaimed, 'Yes, they went so fast, I couldn't quite remember who they were. I saw three of them but they were not before my eyes.' This was repeated twice and he 'saw' something both times.
This patient was an intelligent minister of the gospel whose occasional major seizures followed little dreams that woke him from sleep. The dreams were not always the same but they often had in them recently remembered experience. The elements of his dreams, like those of the hallucinations described above, were visual.
Patient M.G. had auditory hallucinations as follows: Stimulation at C-'I hear funny things; I 've heard that before; I think it is like an attack.' When point D was stimulated she made no response. Finally she said, 'I had a dream, I wasn't here'. It was not like her habitual seizure. When the point was restimulated she said 'Dream'. She explained, 'I seem to be here but things sound different', and then she said she heard ' funny things '. The third time the same point was stimulated she remarked, 'I hear music' and at the fourth stimulation, 'Dreampeople coming in '.
In this case the hallucinations were nearly all auditory. But hallucinations of different content were produced by restimulations at the same point. Except for the music which was a familiar air and which had come to her at the beginning of her attacks, she did not remember anything like it in her 'dreamy state' seizures. She was conscious of her surroundings and of her hallucination simultaneously. Years later she recalled the hallucinations which we had induced during operation and said she remembered people coming into the operating room with snow on their clothing and she remembered wondering that they should be allowed in. As she was a French Canadian young woman and we were operating in the month of February, this illustrates the fact that the hallucinations are made up from remembered experiences, like the music she heard.
These features may be illustrated again by the visual hallucinations of H.P. Stimulation at F (figure 10) caused this patient to say, 'I feel dizzy. Dream is starting-there are a lot of people in the living room-one of them is my mother.' After stimulation at G she said, 'Seeing somebody'. 'Coming again, a boy.' When a point below this was stimulated three different times she said: (1) 'A feeling keeps coming over me-I don't know what happens-something passed through quicker.' (2) 'That feeling again-people coming near.' (3) 'I feel queer.'
The patient G.A. had never had a dreamy state seizure. Her attacks did not arise in the temporal lobe. When point I was stimulated it caused her to say, 'I feel queer, as though I were floating away'. At J she exclaimed, 'I have a queer sensation as if I am not here '. A little later she mused, 'As though I were half and half here'.
The patient E.T. said when point K was stimulated that it was not like his attack. It was like 'dust falling that you can't see'. At a second stimulation he hesitated for some time before replying. Then he said it was like the other one. ' I felt as though I were staring into space-I could see everything but my mind was different altogether. ' Illusions were somewhat less frequent than hallucinations. But patients often felt strange or far away. Two patients said 'your voice is going away'. One said 'your voice is changing its key'. If they had been able to see better under the sterile coverings it seems possible that there might be more examples of visual illusion, for they are ffequent in spontaneous temporal lobe seizures.
The illusion may consist in an alteration of interpretation of things seen or heard. The subject may feel strange, or far away, as though there were some alteration in his interpretation of his relationship to his own environment. Such a state is only produced by stimulation of the cortex of the temporal lobe, not elsewhere. This fact suggests that there is some localization of function there, a function difficult of analysis.
The hallucinations are like dreams. They have in them some reproduction of remembered experience, an experience which is chiefly visual or auditory. It is not a picture or a single sound but a progressive changing state. If the electrode is held in place action goes forward as in a dream and the patient may become frightened and cry out.
In some cases successive stimulations produced the same hallucination time after time. In other cases a number of different hallucinations were produced from the same point. In the case of a dream that had been repeated frequently during epileptic seizures stimulation at different points produced different portions of the hallucination with relative constancy.
The conclusion is unavoidable that the music a patient hears or the appearance before him of his mother or friend are memories. It seems evident that in some way the stimulating electrode is activating acquired patterns of neuronal connexion which are involved in the mechanism of memory. The patient considers and thinks over these hallucinations as he would a memory which he had himself summoned.
If the activity of the temporal cortex is essential to the process of remembering or interpreting things seen and heard, it is necessary to conclude that the two temporal lobes have equal value in this mechanism for, in our experience, one of them can be removed on either the dominant or the non-dominant side without evidence of memory loss or interference with the capacity of perceptual inter pretation.
Experimentally it has been shown that the dog without either temporal lobe is afflicted with what Munk called psychic deafness. Babkin found that such animals learned eventually to respond to tone but never to their names (quoted by Pavlov 1927). The monkey, both of whose temporal lobes are removed, sees a snake but, no longer being able to interpret the meaning of what he sees, picks up the serpent which formerly terrified him and tastes or smells it to discover if it is good to eat (Kliiver & Bucy 1939).
. D i s c u s s io n
I have referred briefly to the results of electrical stimulation of the cerebral cortex of man. It must be remembered that although a given response follows point stimulation it is not to be concluded that functions are localized in these points (Walshe 1943) . The stimulation activates a set of neurone connexions in an area through which many other neurone connexions may pass. And yet it is remarkable that, in the sensorimotor area in spite of this intermingling of patterns, the order of motor and sensory responses is almost invariably the same provided responses are obtained at all. Griinbaum & Sherrington (1903) and Graham Brown & Sherrington (1912) pointed out that in the anthropoid cortex a motor point is unstable and its response may actually be altered in character. The same is true of the human cortex (Penfield & Boldrey 1939) .
But there is another element that must be considered in the clinical cases which form the material for this study. Repeated epileptic discharge has a conditioning effect upon the cerebral cortex.* This seems on occasion to activate certain areas and render more easily accessible to the electrode the inborn structure, such as that present in sensorimotor and auditory areas. In addition to this, however, the epileptic discharges may render stimulable, neurone connexions which are acquired, connexions that seem to record the experience of the individual. The variability in the response to stimulation of a single point seems to be greater in this field of the acquired patterns than it is in the case of 'inborn' neuronal connexions.
Considering the cortical responses for somatic, auditory and visual sensation there is a certain similarity in the degree of evolution. They are crude and little differen tiated as contrasted with the sensations of which a man is normally conscious, and we find no evidence that there is any further elaboration in quality of sensation within the cortex.
Thus, in the field of somatic sensibility the patient says he feels 'tingling', ' electricity ' numbness etc. It is true that a sense of movement may be produced when no movement occurs, and also at times the desire to move a certain part. But no patient has ever had the impression that, when an area of his cerebral cortex was stimulated, he was touching or feeling an external object.
The same is true of vision. Stimulation in the occipital area can do no more than produce a crude impression of lights, colours or shadows which may be stationary or moving. But no picture of external objects is ever thus conjured up.
Likewise, auditory sensation is crude and seems to vary only in tone. The sound produced is rushing, ringing, rumbling or knocking.
The only complicated phenomena which stimulation has so far produced in the human cortex are derived from the surface of the temporal lobe, phenomena which come like distorted echoes of former experience. The elements of the hallucinations produced in the temporal cortex are chiefly visual or auditory. The illusions are related to the interpretation of contemporary experience.
Movement produced by stimulation of the motor cortex takes place most often in those members of the body which are capable of dextrous and complicated voluntary activity, and yet the movements thus produced are never dextrous nor purposeful. Flexion and extension of the arm can be brought about but no patterned action. It is vocalization that follows stimulation, not speech.
The conscious patient is never deceived into believing that he made the movement himself. He knows he did not plan it. He cannot prevent it by force of will alone but he can employ the unstimulated hemisphere to reach over dextrously and hold down the hand that obeys the electrode. The dexterity of the one hand contrasted with the other suggests that somewhere the individual must have at his command a neuronal mechanism far more differentiated than anything we can demonstrate in the cerebral cortex.
It is evident that what may be called visual cortex and auditory cortex form stations in the afferent stream of visual and auditory impulses on their way from peripheral sense organs to the level of consciousness. If the station and its sub cortical connexions are left intact, wide areas of surrounding cerebral cortex can be removed without depriving the patient of sight or hearing.
Similarly, the postcentral gyrus is a station in the afferent stream of tactile and proprioceptive impulses. The precentral gyrus forms a station in the efferent path way of impulses that produce skilled volitional movement. In spite of the close inter-relationship of these two central gyri, complete removal of the precentral gyrus does not interfere with the arrival in consciousness of sensory information; nor does removal of the postcentral convolution interrupt the efferent impulses that result in voluntary movement.
Pain sensation has been omitted from this discussion, for no removal of cortex anywhere can prevent pain from being felt and only very rarely does a patient use the word pain to describe the result of cortical stimulation. It is obvious, therefore, that the pathway of pain conduction reaches the thalamus and consciousness without essential conduction to the cortex.
Ivan Pavlov (1927) considered the cerebral cortex of animals to be the essential organ for the maintenance and establishment of conditioned reflexes. He believed that by means of what he called the tactile, visual and auditory analysers in the cortex a perfect functional correlation was established between the organism and its environment. But he concluded that there was no such thing as special 'association' centres or areas for higher function in the cortex.
Hughlings Jackson (1931), studying disease and epilepsy, recognized that here were experiments upon the central nervous system of man. He postulated the exist ence of three levels of functional differentiation in the central nervous system. The lowest level was to be found in the spinal cord, medulla oblongata and pons where there is a segmental representation of muscle movement and sensation. The middle level he suggested as the sensorimotor portion of the cerebral cortex where co ordinated movements and elaboration of sensation would find representation.
It is interesting that these two men, working in different countries and different fields at about the same time, reached similar conclusions as far as the cerebral cortex is concerned. Pavlov concluded simply that higher association centres are not in the cortex. Jackson, however, carried his inductive reasoning further. There must be, he said, a still higher level of representation, a final motor and sensory arrangement capable of forming the neural substratum of consciousness. He frequently quoted the following words from Herbert Spencer: 'The seat of con sciousness is that nervous centre to which mediately or immediately the most heterogeneous impressions are brought. ' Jackson even suggested that this highest level of re-representation might be in the 'prefrontal' area. But he did this tentatively no doubt. He had previously suggested that motor and sensory representation would be found in the corpus striatum before the experiments of Fritsch and Hitzig and Ferrier and others established it to be in the cortex. Jackson's concept would seem to be correct but whether his suggested localization is accurate remains to be determined.
As judged by neurosurgical experience, the (premotor) frontal lobe is different. A strange silence follows stimulation anterior to the somatic motor zone. And yet complete removal of the frontal cortex on one side back to, but not including, the precentral gyrus and Broca's speech area, produces surprisingly little interference with the intellectual capacity and behaviour of the individual (Penfield & Evans 1935) . Indeed, this can be done under local anaesthesia without any evidence of even temporary abolition of the patient's consciousness.
One must conclude that there is strong evidence in favour of the existence within the central nervous system of a place where neuronal circuits converge, thus making possible both sensory summation and the initiation of discriminative action. And yet there is nothing to suggest that this place is in the cerebral cortex.
In conclusion, it is evident that neurosurgeons have learned by practical experience what must be expected after the removal of, or damage to, each of the areas of the human cerebral cortex, and we know what responses to expect from stimulation of the more accessible areas of grey matter. The time has come when this evidence should be added to the knowledge acquired by neurologists in the study of human disease and by physiologists in the study of the animal brain. It may supplement also the observations of psychologists.
There is represented within special areas of the cerebral cortex, special aspects of sensation and special mechanisms of motor control which are indispensable to the individual for an understanding of his environment and for the establishment by him of coordinated action. There is localization also of neurone circuits which seem to be devoted to the recollection of past experience and the interpretation of present perception. But all of these elements would seem to belong to no more than a 'middle level' of elaboration in the total function of the brain. P . 1935 Brain, 58, 115. R ussel, C. K . & H orsley, V. 1906 Brain, 29, 137. Sittig, O. 1925 Brain, 48, 233. Tower, S. 1936 Brain, 59, 408. W alshe, F . M. R . 1943 Brain, 66, 104. W oolsey, C., M arshall, W . & B ard , P . 1942 Johns Hopk. Hosp. Bull. 70, 399. W oolsey, C., M arshall, W . & B ard , P . 1943 Ferrier Lecture 347 D e s c r ip t io n o f P l a t e s 23 a n d 24 P late 23 F ig u r e 1. Case 1, J.C . R ig h t hem isphere exposed u n d er local anaesthesia. T ickets in d icate p oints from w hich stim u la tio n p ro d u ced p o sitive responses, m otor, som atosensory or a u d ito ry . B roken line indicates w here te m p o ra l lobe w as excised to expose Isla n d of Reil. In se t shows Isla n d of R eil crossed b y m iddle cerebral a rte ry a n d stim u latio n tick ets (1, 2, 3, 4 an d 5) u pon it. See figure 2.
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F ig u r e 2. T em poral lobe h as been rem oved from au to p sy specim en an d tick ets placed to indicate actu al p osition of stim u latio n of Isla n d of R eil in figure 1, inset. figure 5 . E xcision of segm ent of p re c e n tral gyrus u n d e r tic k e t 15 show n in lower rig h t inset.
